Bromide, Br − , adsorp on behavior was inves gated on amorphous Al and Fe oxide, montmorillonite, kaolinite, and temperate and tropical soils. Bromide adsorp on decreased with increasing solu on pH with minimal adsorp on occurring above pH 7. Bromide adsorp on was higher for amorphous oxides than for clay minerals. Shi s in point of zero charge (PZC) were observed on amorphous Al and Fe oxide following Br − adsorp on, sugges ng an inner-sphere adsorp on mechanism for Br − on these surfaces. Ionic strength eff ects indicated an inner-sphere adsorp on mechanism for Br − on kaolinite and an outersphere adsorp on mechanism on amorphous Fe oxide. Two chemical surface complexa on models, the constant capacitance model and the triple layer model, were able to describe Br − adsorp on as a func on of solu on pH on all materials. For the oxides and clay minerals and most of the soils the fi t of the constant capacitance model, containing an inner-sphere adsorp on mechanism, was improved over that of the triple layer model, containing an outer-sphere adsorp on mechanism, as measured by the overall variance, V Y . Bromide adsorp on on amorphous Fe oxide as a func on of solu on pH and solu on ionic strength was well described using the triple layer model. Our results indicate that Br − would most likely not act as a conserva ve tracer at soil solu on pH values below 7. Therefore, we suggest that researchers carefully evaluate the pH regime and mineralogy of their study site before assuming that Br − can be applied as a conserva ve tracer for transport experiments.
Abbrevia ons: IOC, inorganic carbon; OC, organic carbon; PZC, point of zero charge.
A tracer is an identifi able substance that can be followed through the course of a physical, chemical, or biological process. An ideal hydrogeologic tracer is nontoxic, inexpensive, moves with the water, is easy to detect in trace amounts, is chemically stable for a desired length of time, is not present in large amounts in the water being studied, and is not sorbed by the solid medium through which the water moves (Davis et al., 1980) . In temperate regions Br − has been considered to be an ideal tracer (Skaggs et al., 2002 ) that moves conservatively through soils (Bowman, 1984; Jardine et al., 1988) , with a retardation coeffi cient R = 1.
Nonconservative behavior (R ≠ 1) of Br − has sometimes been observed. Th e cause of tracer movement that is faster than water fl ow (R < 1) has been attributed to anion exclusion from conducting pores due to repulsion of Br − by negative charges on soil surfaces (Gerritse and Adeney, 1992) . Tracer movement that is slower than water fl ow (R > 1) has been attributed to Br − adsorption on variably charged soil surfaces that have appreciable anion exchange capacity (Boggs and Adams, 1992; Ishiguro et al., 1992; Seaman et al., 1995; Li et al., 1995; Ritter et al., 2005; Wong and Wittwer, 2009 ). Methods of soil sampling and sample preparation of column experiments can signifi cantly aff ect Br − adsorption behavior (Boggs and Adams, 1992) . Th e Br − adsorbing surfaces in soils are considered to be Fe and Al oxides and kaolinite (Boggs and Adams, 1992; Duwig et al., 1999; Ritter et al., 2005) . Bromide retardation on iron-coated sand columns was attributed to the ferrihydrite coating because transport of Br − through uncoated quartz sand columns was conservative (Brooks et al. (1998) . Bromide retardation increased because anion exchange capacity increased with decreasing pH below the PZC.
Very few studies of Br − adsorption have been conducted on soils (Li et al., 1995) , clay minerals (Weerasooriya and Wickramarathna, 1999) , and oxides (Petkovic et al., 1994; Chubar et al., 2005) . Bromide adsorption was observed on the spodic B h horizon of a spodosol but not on the surface A or the sandy E horizons. Th e Freundlich adsorption equation was fi t to the Br − adsorption isotherm data (Li et al., 1995) . Freundlich adsorption isotherm parameters were also obtained from Br − transport data in variably charged sediments where tailing was observed (Korom, 2000) . Bromide adsorption on kaolinite decreased with increasing solution pH in the range 4 to 8. Th e magnitude of Bromide adsorp on as a func on of solu on pH and background electrolyte concentra on was determined for a set of reference minerals and soils. Adsorption was observed for pH <7, indica ng that bromide would not act as a conserva ve tracer for such condi ons. Therefore cau on is advised when using bromide as a tracer under such condi ons.
Br − adsorption decreased with increasing solution ionic strength of the background electrolyte, and no adsorption was observed above the point of zero net proton charge at pH = 8.8 (Weerasooriya and Wickramarathna, 1999) . Th ese observations are both indicative of a weak, outer-sphere adsorption mechanism. Bromide adsorption on a double hydrous oxide, Fe 2 O 3 ⋅Al 2 O 3 ⋅xH 2 O, decreased with increasing pH in the range 3 to 8.5. Th e mechanism of iodide adsorption on amorphous iron oxide was found to be outer-sphere using X-ray absorption near-edge structure spectroscopy (Nagata et al., 2009) . Th e Br − adsorption reaction was fast, being 50% complete in the fi rst 10 min of reaction, and fi t a pseudo-second-order kinetic model (Chubar et al., 2005) . Bromide adsorption on 2:1 clay minerals and simple oxides has not yet been investigated.
Surface complexation models are chemical models that have more general predictive capability than empirical adsorption isotherm equations. One such model, the triple layer model, has been applied to describe Br − adsorption on Al oxide (Petkovic et al., 1994) and kaolinite (Weerasooriya and Wickramarathna, 1999) . In both applications Br − adsorption was considered to be nonspecifi c and described using an outer-sphere surface complexation mechanism. A major advantage of surface complexation models over adsorption isotherm equations is their ability to describe adsorption as a function of solution pH.
Th e objectives of this study were (i) to determine Br − adsorption behavior on Al and Fe oxides, kaolinite, montmorillonite, and temperate and tropical soils as a function of solution pH and (ii) to evaluate the ability of two chemical surface complexation models, the constant capacitance model and the triple layer model, to describe Br − adsorption on these surfaces as a function of solution pH.
Materials and Methods
Bromide adsorption behavior was studied on various adsorbents. Amorphous Al and Fe oxides were synthesized using the method of Sims and Bingham (1968) . Aluminum oxide was synthesized by neutralizing 0.41 M AlCl 3 with an equal part of 1.1 M NaOH. In the Fe oxide synthesis, 100 mL of 1.5 M FeCl 3 were neutralized with 225 mL of 2.0 M NaOH. Th e amorphous oxides were air-dried and gently crushed. X-ray diff raction powder analyses verifi ed that the oxides were amorphous and contained no crystalline impurities. Samples of SWy-1 Na-montmorillonite and KGa-2 kaolinite were obtained from the Clay Minerals Society's Source Clay Repository (University of Missouri, Columbia) and used without pretreatment. X-ray diff raction analysis found trace impurities of mica and chlorite in the montmorillonite and the kaolinite, respectively. Surface areas of the oxides and clays were determined from single-point Brunauer-Emmett-Teller N 2 adsorption isotherms. Surface area was 67.5 m 2 g −1 for the Al oxide, 184 m 2 g −1 for the Fe oxide, 31.6 m 2 g −1 for the montmorillonite, and 19.3 m 2 g −1 for the kaolinite.
Points of zero charge for the amorphous Al and Fe oxides were determined by microelectrophoresis using a Zeta-Meter 3.0 system (Zeta Meter, Long Island City, NY). Th e electrophoretic mobilities of suspensions containing 0.01% oxide in 0.015 M NaCl were determined at various pH values. Points of zero charge were obtained by linear interpolation to zero electrophoretic mobility. Electrophoretic mobility measurements were also determined in the presence of 10 and 20 mg Br − L −1 .
Bromide adsorption was investigated on the <2-mm fraction of four temperate and four tropical soils. Th e temperate soil samples consisted of the A horizons of four soil series from Oklahoma, USA. Th e Dennis, Kirkland, and Summit soils are Mollisols and the Osage soil is a Vertisol. Th e four tropical soils are clayey Oxisols from Brazil. Soil chemical characteristics are presented in Table 1 . Soil surface areas were obtained using ethylene glycol monoethyl ether adsorption (Cihacek and Bremner, 1979) . Free Fe and Al oxides were determined as described by Coffi n (1963). Organic carbon (OC) and inorganic carbon (IOC) contents were determined by carbon coloumetry. Total carbon was quantifi ed by combustion at 950°C, IOC was analyzed using an acidifi cation module and heating, and OC was determined by diff erence. Cation exchange capacities of the U.S. soils were measured by sodium saturation and magnesium extraction as described by Rhoades (1982) for arid land soils. Cation and anion exchange capacities of the Brazilian soils were determined by compulsive exchange using barium chloride saturation and magnesium sulfate extraction (Gillman and Sumpter, 1986) . Bromide adsorption experiments were performed in batch systems to determine adsorption envelopes, the amount of Br − adsorbed as a function of solution pH per fi xed total Br − concentration. Soil samples were used without any pretreatment. Samples of adsorbent (0.1 g for oxides, 0.75 g for montmorillonite, 2.5 g for kaolinite, and 5.0 g for soils) were added to 50-mL polypropylene centrifuge tubes and equilibrated with 25 mL of a 0.1 M NaNO 3 solution by shaking for 20 h on a reciprocating shaker. A background electrolyte is necessary because the constant capacitance model assumes a constant ionic medium reference state. Th is solution contained 20 mg Br − L −1 and had been adjusted to the desired pH range of 3 to 8 using 1 M HNO 3 or 1 M NaOH. Acid or base additions changed the total volumes by <2%. Additional adsorption experiments were performed in a background electrolyte of 0.01 M or 1.0 M NaNO 3 using amorphous Fe oxide and kaolinite. Aft er reaction, the samples were centrifuged and the decantates analyzed for pH, fi ltered, and analyzed for Br − concentration using a Technicon Auto Analyzer II and the fl uorescein method of Marti and Arozarena (1981) .
Detailed discussions of the theory and assumptions of the constant capacitance and triple layer models are provided in Goldberg (1992) .
In the application of the constant capacitance model to Br − adsorption the following surface complexation constants were considered:
where SOH represents reactive surface hydroxyls on oxide minerals and aluminols on clay mineral edges.
Intrinsic equilibrium constants for the surface complexation reactions are:
where square brackets indicate concentrations (mol L −1 ), F is the Faraday constant (C mol c −1 ), ψ is the surface potential (V), R is the molar gas constant (J mol −1 K −1 ), T is the absolute temperature (K), and "is" stands for inner-sphere. Th e exponential terms can be considered as solid-phase activity coeffi cients that correct for surface charges.
Mass balance of the surface functional group is:
where [SOH] T is related to the surface site density, N s , by:
where S A is the surface area (m 2 g −1 ), C p is the particle concentration (g L −1 ), N A is Avogadro's number, and N s has units of (sites nm −2 ).
Charge balance is:
where σ is the surface charge (mol c L −1 ). Th e relationship between surface charge and surface potential is:
where C is the capacitance (F m −2 ).
In the present application of the triple layer model to Br − adsorption the following surface complexation constants were considered in addition to the protonation and dissociation reactions, Eq. 
where "o" refers to the surface plane of inner-sphere adsorption, β refers to the plane of outer-sphere adsorption, and "os" stands for outer-sphere.
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Mass balance of the surface functional group is: 
where "d" refers to the plane of the diffuse ion swarm. The relationships between the surface charges and surface potentials are:
where C 1 and C 2 are capacitances, ε o is the permittivity of a vacuum, D is the dielectric constant of water, and I is the ionic strength.
Th e computer program FITEQL 3.2 (Herbelin and Westall, 1996) was used to fi t surface complexation constants to the experimental Br − adsorption data. Th e program uses a nonlinear least squares optimization routine to fi t equilibrium constants to experimental data and contains both the constant capacitance and the triple layer models of adsorption. Th e FITEQL code uses the overall variance, V, in Y as the goodness-of-fi t criterion:
where SOS is the weighted sum of squares of the residuals, and DF is the degrees of freedom. In our applications of both models, the surface site density was set at 2.31 sites nm −2 , as was recommended by Davis and Kent (1990) for natural materials.
Other initial input parameter values for the constant capacitance model were capacitance: C = 1.06 F m −2 (considered optimum for Al oxide by Westall and Hohl, 1980 ) and protonation and dissociation constants: log K + (int) = 7.31, log K − (int) = −8.80 for amorphous Fe oxide, log K + (int) = 7.38, log K − (int) = −9.09 for amorphous Al oxide and clays, and log K + (int) = 7.35, log K − (int) = −8.95 for soils (obtained from a literature compilation of experimental values for Fe and Al oxides by Goldberg and Sposito, 1984) .
Other input parameters for the triple layer model were capacitances: C 1 = 1.2 F m −2 , C 2 = 0.2 F m −2 (considered optimum for goethite by Zhang and Sparks, 1990 ) and surface complexation constants: log K + (int) = 4.3, log K − (int) = −9.8, log K C+ (int) = −9.3, log K A− (int) = 5.4 for amorphous Fe oxide (obtained for goethite by Zhang and Sparks, 1990) , and log K + (int) = 5.0, log K − (int) = −11.2, log K C+ (int) = −8.6, log K A− (int) = 7.5 for amorphous Al oxide, clays, and soils (obtained for γ-Al 2 O 3 by Sprycha, 1989a,b) .
Results and Discussion
Th e PZC in the presence of a background electrolyte of 0.015 M NaCl was found to occur at pH 8.8 for amorphous Al oxide and pH 5.8 for amorphous Fe oxide. Th ese PZC values are less than previous determinations using the same synthesis techniques (Goldberg et al., 1996) . Th e diff erences in PZC values are due to recent problems with the electrophoretic mobility analyzer. Th e important observation for the purpose of the present investigation is not so much the absolute PZC value but whether a shift in PZC is observed on anion adsorption. Figures 1 and 2 present electrophoretic mobility vs. pH obtained for amorphous Al oxide and amorphous Fe oxide, respectively, on adsorption of Br − . For both oxides the PZC values shift ed to lower pH value in the presence of Br − anions, although the shift for amorphous Fe oxide was small. Specifi c inner-sphere adsorption of ions produces PZC shift s and electrophoretic mobility reversals with increasing ion concentration (Hunter, 1981) . Th ese changes in PZC values are macroscopic evidence of inner-sphere surface complexation of Br − on amorphous Al and Fe oxides. Th is observation suggests that Br − is adsorbed more strongly on oxides than on kaolinite (Weerasooriya and Wickramarathna, 1999) . Bromide adsorption as a function of solution pH is indicated in Fig. 3a for amorphous Al oxide and in Fig. 3b for montmorillonite. Bromide exhibited decreasing adsorption with increasing pH with minimal adsorption occurring above pH 7 for both oxides and clays. Th e amorphous Fe oxide adsorbed 10 times as much Br − as the montmorillonite, consistent with the high reactivity of this material for adsorption of other ions. Th e magnitude of Br − adsorption on amorphous Al oxide was comparable to that on amorphous Fe oxide. Th e magnitude of Br − adsorption on kaolinite was approximately one-half of that on montmorillonite, consistent with its smaller surface area and larger particle size.
Evaluation of the eff ect of changes in solution ionic strength on the extent of ion adsorption is another macroscopic method of inferring the ion adsorption mechanism. Ions that form outer-sphere surface complexes show decreasing adsorption with increasing solution ionic strength, while ions that form inner-sphere surface complexes show little ionic strength dependence or increasing adsorption with increasing solution ionic strength (McBride, 1997) . Th e eff ect of ionic strength on Br − adsorption is indicated in Fig. 4a for kaolinite and Fig. 4b for amorphous Fe oxide. Solution ionic strength varied by two orders of magnitude, from 0.01 to 1.0 M NaNO 3 . Bromide adsorption on kaolinite exhibited little ionic strength dependence indicative of an inner-sphere adsorption mechanism. This result is in contrast to the outersphere adsorption mechanism observed for bromide adsorption on kaolinite (Weerasooriya and Wickramarathna, 1999) . Bromide adsorption on amorphous Fe oxide exhibited pronounced ionic strength dependence indicative of an outer-sphere adsorption mechanism. Th is result is in agreement with the outer-sphere adsorption mechanism observed for iodide adsorption on amorphous Fe oxide (Nagata et al., 2009 ).
Adsorption of Br − on soil samples as a function of solution pH is indicated for two of the U.S. soils ( Fig. 5a and 5b) and for two of the Brazilian oxisols ( Fig. 5c and 5d ). Table 2 . For the oxides and clay minerals, the values of the goodness-of-fi t criterion, V Y , for the constant capacitance model are considerably smaller than those for the triple layer model. Th is is not surprising since the Br − adsorption envelopes are described more closely by the constant capacitance model (see Fig. 3a for amorphous Fe oxide and Fig. 3b for montmorillonite). The improved fit with the constant capacitance model, which describes ion adsorption using an inner-sphere adsorption mechanism, is consistent with the ZPC shift s observed on amorphous Al and Fe oxides following Br − adsorption ( Fig. 1 and 2) . Consistent with the small amount of ionic strength dependence, the constant capacitance model was well able to describe Br − adsorption on kaolinite using an inner-sphere adsorption mechanism (see Fig.  4a ). Th e pronounced ionic strength dependence observed on Br − adsorption on amorphous Fe oxide (Fig. 4b) is in contrast to the PZC shift results and consistent with a triple layer model application using an outer-sphere adsorption mechanism. Th e triple layer model was able to describe the results well (see Fig. 4b ).
For both surface complexation models, the average values of the Br adsorption constants for the U.S. soils are not statistically signifi cantly diff erent at the 95% level of confi dence from the average values for the Brazilian soils (see Table 2 ). Th e ability of both models to describe Br − adsorption on the soils is good and is shown in Fig. 5a through 5d . For fi ve of the eight soils the magnitude of V Y for the constant capacitance model is smaller than for the triple layer model, indicating an improved fi t. Th e magnitudes of the logK is Br (int) values for the oxides and reference clays are larger than those for soils, suggesting a greater adsorption affi nity for Br − on these materials.
In prior studies, Br − adsorption in acid soils and Andisols has been attributed to the presence of variable charge minerals such as Al and Fe oxides and kaolinite (Boggs and Adams, 1992; Seaman et al., 1995) . Our experimental results for amorphous Al and Fe oxides, kaolinite, and montmorillonite have verifi ed that these materials indeed adsorb Br − at pH values below 8. Electrophoretic mobility experiments suggest that Br − adsorption occurs via a specifi c inner-sphere adsorption mechanism on Al and Fe oxide. Ionic strength eff ects results suggest an inner-sphere adsorption mechanism on kaolinite and an outer-sphere adsorption mechanism on amorphous Fe oxide.
Our study showed Br − adsorption on both temperate and tropical soils to occur at pH values below pH 7. Th ese results indicate that Br − would therefore most likely not act as a conservative tracer at soil solution pH values below 7. Since our experiments were conducted in the presence of 0.1 M NO 3 − concentration, Br − adsorption in fi eld situations, where the NO 3 − concentration and any competitive eff ect will be much less, would be expected to be even greater. We therefore suggest that researchers carefully evaluate the pH regime and mineralogy of their study site before assuming that Br − can be applied as a conservative tracer for transport experiments. 
